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Abstract
Inthispaperispresentedanapproachtoimprovedanddeepened nonlinearmagneticfieldanalysisofthe
shaded-polemotor,asa particularmotorwithanasymmetricmagneticfield.Theauthors sugestan
approachtothe modelingofthemagneticfield,excitedfromthebothstatorwindingsonly,suitableforthe
applicationoftheFiniteElementMethod,asacontemporaryandpowerfulnumericalmethod.Byusingthe
iterative nonlinearFEMprocedure,thedistri butionofthemagn eticfield,underdifferentexcitationcurrents
inthestatorwindings,willbecomputed.Afterwards,onthebasisoffluxdensitiesdistribution,aswellason
thefluxvaluesintheparticulardomainsofthemotor,theelectromagneticphenomenaatnoloadwillbe
analyzed.Theeffectoftherotorbarskewingontheair-gapfluxisanalysed,too .
Keywords: Shaded-polemotor,FiniteElementMethod,MagneticField,Rotorskewing.
1 Introduction
Thedevelopmentofdifferentappliances,formanyyearsago,hascausedanappearanceandan
expansionofspecialdifferenttypesfractionalhorsepowermotorswithenormouspossibilitiesfor
theirapplication.Oneoftheseparticularmotorsiscertainlyasingle-phaseshaded-poleinduction
motor.Thismotoriswellrecognizedasspecialinconstruc tion,butconsiderablycomplicatedforan
analysis.Comparedtoothertypesofinductionmotors,itismorecomplicatedbythefactthatthere
existthreemutuallycoupledwindingsandanellipticrotatingmagneticfield.
Therateddataoftheshaded-polemotorwhichisgoingtobeanalyzedare:2p=2numberofpoles,220
Vvol tagesupply,24Winputpower,2200rpm.InFigure1.1itispresentedtheradialcross-sectionof
themotor.Thefirstwindingisthemainstatorwinding(1),thesecondoneisthebarsquirrelcage
rotorwinding(2)andthethirdoneistheauxili arystatorwindingwithoneshadedcoilperpole(3).
Fig.1.1Cross-sectionoftheshaded-polemotor
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2 ModelingtheElectromagneticField
Inordertodetermineelectromagneticquantitiesandchar acteristicsoftheshaded-polemotor,as
accurateaspossible,theFiniteElementMethod(FEM)isused.Thismethodiswellknownasa
representofthecontemporarynumericalmethods,widelyusedforsolutionofmagneticfield
problemsinelectricalengineering.Thenonlineariterativeprocedureisapplied.Thecalculati onsare
carriedoutas magnetostaticcase,atgivenrotorposi tion.Atthebeginning,FEMisusedatseparately
energizedstatorwindings.Thecomputa tionscontinuewhenbothstatorwindingsareenergizedat
ratedcurrent,aswellasatseveralothervalues.Thespatialdistributionofthemag neticfluxdensity
alongdifferentair-gappathsiscalculated.Theair-gapfluxlinkageandthefluxesindifferentpartsof
thestatorarecalculated,too.
2.1 Preprocessing
InordertocarryoutthecalculationsofelectromagneticcharacteristicsbyusingFiniteElement
Method,inthepre-processingsteptheexactgeometryoftheshaded-polemotorshouldbeinputfirst.
Afterwardsallmate rialsineachofthemotordomainsmustbedefined.Thisoperationisperformed
withprogramblockswhichcontainallrequestedinformationregardingelectricalandmagneticmate -
rialsproperties,includingconductivityandthe magnetizationcurvefor nonlinearcalculations.The
boundaryconditionsincludedinthemodelarefromthefirsttype,i.e.theyareapplied Dirichlet
conditionsontheouterlineofthemotor.Themeshoffiniteelementsisgeneratedfullyautomatically.
Inthisparticularcase,themeshoftheshaded-polemotorisconsistedof10250nodesand20063
elementsanditispresentedinFigure2.1.
Intheregionswherethecalculationofthemagneticvectorpotentialisrequestedtobeperformed
moreaccurate,especi allyonaninterfacebetweentwodifferentmaterials,themeshdensityis
increased.Inthiscasethecontourofinte grationshouldpassatleasttwoelementsawayfromany
interfaceorboundary.Themeshrefinementintheshaded-polemotorisappliedintheair-gapregion
asitisshowninFigure2.2.Thegreatermeshdensityincreasesthecomputationtime.Sothegood
waytofindmeshwhichis“denseenough”,inorderthenecessaryaccuracytobeachievedandstill
computationtimetobereasonablysmall,isthecomparisonofresultsfromdifferentmeshdensities.
Then,onecanpickthesmallestmeshdensitywhichgivesagoodconvergencetothedesireddigitof
computationalaccuracy.
Fig.2.1Finiteelementsmesh Fig.2.2Detailedviewoftheincreasedmeshdensity
2.2 Processing
Quasi-staticnonlinearanalysisoftheshaded-polemo tor,whenonlythestatorwindingsareenergized,
meaningatnoloadconditionsintherotor,iscarriedoutinfollowingsteps:
Step1: Firstonlythemainstatorwindingis energized.Currentsareappliedintherange(1.1 ÷0.1)In.
Thefluxdistri butionatratedcurrent InispresentedinFigure2.3.
Amax =8.223 ⋅10-3Vs/m
Amax =-8.223 ⋅10-3Vs/m
Bmax =2.252T
Fig.2.3Fluxdistributionwhenonlythemainwindingisexcited
Step2: Fromthemagneticfielddistributionobtainedinthestep1,thefluxlinkageintheshadingcoil
isdetermined.The emf,aswelltheinducedcurrentinthecoiliscalculated.Then,themagneticfield
calculationisperformedagain,underthepresumptionthatonlytheshadingcoilis energized.Theflux
distributionisshowninFigure2.4.
Amax =3.976 ⋅10-3Vs/m
Amax =-3.978 ⋅10-3Vs/m
Bmax =2.063T
Fig.2.4Fluxdistributionwhenonlytheshadingcoilisexcited
Step3: Consequently,atanyarbitrarychosenvalueforthemainstatorwindingexcitationcurrent,
correspondsanexactvalueoftheshadingcoilcurrent.Applyingthesepairsofcur rentsinbothstator
windings,onecancalculatethemagneticfieldintheshaded-polemotor.Thefluxdistribution,atrated
currentinthemainstatorwindingispresentedinFigure2.5.
Amax =8.022 ⋅10-3Vs/m
Amax =-8.023 ⋅10-3Vs/m
Bmax =2.224T
Fig.2.5Fluxdistributionwhenbothstatorwindingsareexcited
2.3 Postprocessing
ThethreepreviousdescribedstepsofthenonlineariterativeFEMprocedurearerepeatedforall
therangeofthemainstatorwindingcurrents.Whenonlythiswindingisexcited,thecharacteristicof
theair-gapfluxindependenceofthecurrentispresentedinFigure2.6.
Fig.2.6Airgapfluxcharacteristicwhenonlythemainstatorwindingisenergized
Whenbothstatorwindingsareexcitedasdescribedintheprevioussubheading,thecharacteristicof
theair-gapfluxinfunctionofthecurrentinthemainstatorwinding,too,arepresentedinFigure2.7.
Fig.2.7Airgapfluxcharacteristicwhenbothstatorwindingsareenergized
3 Analysis
TheresultsoftheFEMcalculationsenable“togetinsidethemotor”andtoperformadeepened
analysisofthe nonlinearmagneticfielddistribution,takingintoconsiderationthetypicalmagnetic
values,asflux,fluxlinkageandfluxdensity.
Theanalysisofmagneticfieldwillbecarriedoutforthreedifferentcases,asfollows:   themain
statorwind ingis energizedwithratedcurrent In=0.202A,whilethecurrentintheshadingcoilis
forcedtobeatzerovalue;   onlytheauxiliarystatorwinding(shadingcoil)is energizedwithcorr es-
pondentratedcurrent;   twostatorwindingsareexcitedwithratedcurrents.Ineachcase,thecurrent
intherotorbarwindingiskeptatzero.Someofthequantitiesarepresentedintables,andsomeare
presentedondiagrams.
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3.1 Mainstatorwindingexcited
Inthiscase,thevaluesofthemagneticfluxintwotypicaldomainsofthemotorconfigurationare
presentedinTable3.1.
Integrationcontour Fluxperpole
x10 -4[Vs]
Fluxdensity
[T]
Fluxlinkage
[Vs]
Alongairgap 1.6448 0.2634 0.57897
Statorpole 2.5936 1.0130 0,91295
Table3.1Air-gapandstatorpoleflux
Spatialdistributionoffluxdensityisplottedalong:   theinnerdiameterofthestator;   themiddleline
oftheairgap;   theouterdiameteroftherotor.Inthiscase,thediagramsarepresentedinFigure3.1
(a),(b)and(c),respectively.
(a)innerstatorline
(b)middleairgapline
(c)outerrotorline
Fig.3.1Spatialdistributionofthefluxdensitywhenonlythemainstatorwindingisenergized
Additionally,ananalysisofmagneticfluxesisperformedinsidethestatorcoreondifferentpartsof
thepole.ResultsofthecalculationsarepresentedinTable3.2.
Statorpoledomain Flux
x10 -4[Vs]
Fluxdensity
[T]
Shadingportion
[p.u.]
Insidemainwinding 2.6192 1.001
Inside top 1.0227 1.486
shadingcoil bottom 1.0323 1.500 0.392
Outside top 1.5997 0.980
shadingcoil bottom 1.5712 0.773
Table3.2Fluxesinstatorpole
Theshadedportionofstatorpoleisaninterestingmatterofinvestigation.Theconsideredmotoris
designedwithanangleof73.2 °;butduetothenon-li nearityofthemagneticcore,aswellasofthe
leakagefluxesitisabitdifferent.Atno-loadcondition,itisfoundthattheangleis70.6 °.
3.2 Auxiliarystatorwindingexcited
Asthesecondcasefluxesareanalyzedwhenonlytheshad ingcoilisenergized,whiletheexcitation
currentinthemainstatorwindingiskepttozero.Theshadingcoilcurrentsaredeterminedin
dependenceofthestatorcurrentinthemainwinding,asitisexplainedinthesubsection2.2.Itis
necessarytoemphasize,thatduetotheknownprincipleoftheshadingringrole,thecurrenthasan
oppositesign,whichisevidentinthetablesbelow,aswell.
Inthiscase,thevaluesofthemagneticquantitiesintheanalyzedsections,presentedsameasinthe
previouscase,aregiveninTable3.3andTable3.4.
Integrationcontour Fluxperpole
x10 -4[Vs]
Fluxdensity
[T]
Fluxlinkage
[Vs]
Alongairgap -0.48720 -0.07802 0.17149
Statorpole -1.22688 -0.47920 0.43186
Table3.3Air-gapandstatorpoleflux
Statorpoledomain Flux
x10 -4[Vs]
Fluxdensity
[T]
Shadingportion
[p.u.]
Insidemainwinding -1.2288 -0.4696
Inside top -1.0154 -1.4760
shadingcoil bottom -0.9730 -1.4140 0.809
Outside top -0.2146 -0.1315
shadingcoil bottom -0.2517 -0.2536
Table3.4Fluxesinstatorpole
Spatialdistributionofthefluxdensityisplottedatthesamemannerasinthepreviouscase,andthe
diagramsarepresentedinFigure3.2(a),(b)and(c),respectively.Themagneticfieldalongthe airgap
lineisinoppositionwiththemainfield.
(a)innerstatorline
(b)middleairgapline
(c)outerrotorline
Fig.3.2Spatialdistributionofthefluxdensitywhenonlytheshadingcoilisenergized
3.3 Bothstatorwindingsexcited
Theanalysisofnonlinearmagneticphenomenaintheshaded-polemotoriscompletedwiththeresults
obtainedwhentwostatorwindingsareenergiz ed.TheresultsofcalculationarepresentedinTable3.5
andTable3.6.
Integrationcontour Fluxperpole
x10 -4[Vs]
Fluxdensity
[T]
Fluxlinkage
[Vs]
Alongairgap 1.9912 0.2584 0.5601
Statorpole 2.5168 0.9832 0.8859
Table3.5Air-gapandstatorpoleflux
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Statorpoledomain Flux
x10 -4[Vs]
Fluxdensity
[T]
Shadingportion
[p.u.]
Insidemainwinding 2.5344 0.9687
Inside top 0.6602 0.9596
shadingcoil bottom 0.7101 1.0320 0.270
Outside top 1.8752 1.1490
shadingcoil bottom 1.8112 0.08824
Table3.6Fluxesinstatorpole
Thecharacteristicsofthespatialdistributionofthemagneticfluxdensity,alongdifferentlines,are
presentedinFigure3.3(a),(b)and(c).
(a)innerstatorline
(b)middleairgapline
(c)outerrotorline
Fig.3.3Spatialdistributionofthefluxdensitywhentwostatorwindingsareenergized
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4 Effectofskewing
Almosteachelectricalmachineisperformedwithskewedslots,eitheronthestator,orontherotor.
Knowingtheparticularconfigurationofthestatorcoreintheshaded-polemotors,theskewingis
alwaysappliedtotherotorbars.Becauseoftherelativelygreatpartofthestatorpole,surrounded
withtheshadingcoil,theskewingisalwayswithconsiderablevalue.Intheshaded-polemotorunder
considerationitis17 0.

Inordertoincludeintheanalysistheeffectoftherotorskewingonthecharacteristics,itisobligateto
applytheFiniteelementMethodinthethreedimensionaldomain.But,sometimesittakesalotof
calculationsconsumingalotoftime.So,itisrecommendedtoapplythe2Dmodelingoftherotor
barsskewingbydiscretizationofthemotoralongitsthirddimension.Theaxiallengthofthemagnetic
core lδistreatedasmulti-sliced,cutinto ndiscsbyperpendicularplanestotheshaft.Twoadjacent
disksarerotatedbyanangle α/nwhere αcorrespondstothetotalangleoftheskewing.Inthis
particularcaseaxiallengthiscutinto4discsandeachisrotatedbycorrespondingangle.Actually,
thisapproachcanbeconsideredasquasithree-dimensionalmodellingofthemotor.

Thecalculationsoftheair-gapfluxperapole,forafewdifferentexcitationcurrentsinthemain
statorwindingandthecorrespondentcurrentsintheshadingcoilarepresentedinTable4.1.The
motorisconsideredatno-load,i.e.therotorbarcurrentsareforcedtobezero.
Mainstatorwinding Air-gapfluxx10
-4
[Vs]
current[A] withoutskewing withskewing
0.08 1.0542 1.0562
0.12 1.3168 1.3186
0.16 1.4664 1.4681
0.202 1.5730 1.5767
Table4.1Effectofskewingontheair-gapflux
5 Conclusion
Inthepaperthenon-linearmagneticfieldanalysis,andacomputationofelectromagnetic
characteristicsofthesingle-phaseshaded-polemotorispresented.Forthispurpose,asthemost
suitable,theFiniteElementMethodisapplied.Thiscontemporarymethodenablesto“enterinsidethe
machine”andtoevaluateexactlymagneticquantities,suchasairgapflux,fluxlinkageandflux
densityinanypartofthemachine.ApplicationofFEMgivesanopportunitytoplotand“toview”
fluxdistributioninradialcross-sectionofthemotor,too.Onthebasisoftheanalysisofspatial
distributionofthefluxdensityineachpartofthemachine,onecan“discover”theweakpointsinthe
magneticcore,aswell.Theelectromag neticcharacteristicsareanalyzedatdifferentcurrentsinmain
statorwindingandshadingcoil.Atthisstage,therotorbarcurrentsarenotstillincludedinthe
analysis.Becauseoftheasymmetricalmagneticfieldalongtheair-gapoftheshaded-polemotor,the
analysisofitsperformancecouldcontinueonlyonthebasisoftherevolvingfieldtheory.Thispaper
couldbeusedforgettingtheinitialresults.
Thenexttaskisforeseentobeaninvestigationofthemotorparameters,especiallyindependenceof
boththeshadingportionofstatorpoleandtheangleofrotorskewing;thesequantitiesarealways
linkedbetween.Byinclusionoftherotorcurrents,atloadconditions,themagneticcoenergyand
statictorquewillbecalculatedandanalyzed.Furtherresearchoftheauthorswillgotowardsthe
motoroptimization,byusingGeneticAlgorithmsandadoptingthetorqueorefficiencyastarget
function.Thiswork,couldserveasausefulguide.
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